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ABSTRACT 
 
Traditionally the fire resistance of concrete elements is determined through prescriptive methods, often 
with the use of tabulated data. Herein, the structural behaviour during or after the cooling phase of the fire 
is not considered. This is a major shortcoming considering the potential of delayed collapse during the 
cooling phase exists. To take into account the structural behavior after the heating phase, the concept of 
burnout resistance was introduced in recent literature, which indicates the performance of concrete 
elements or structures until complete burnout. In this paper the bending moment resistance until burnout 
is determined for simply supported reinforced concrete slabs exposed to the Eurocode parametric fire curve, 
for a wide range of parameters. The fire resistance and burnout resistance are compared and an equation 
for describing the relationship between both is presented. A calculation method is provided which allows 
to apply these results to a parametric fire in any given compartment, through the use of a reference 
compartment and equivalence equations. Through the use of this simple method, the maximal allowable 
fire load density for which the concrete slab maintains stability during the entire fire exposure, including 
the cooling phase, can directly be obtained for any given rectangular compartment.  
 
 
1. INTRODUCTION 
 
The traditionally applied methods to determine the 
structural fire performance of a reinforced concrete 
(RC) element refer to the ‘fire resistance’ of the 
element with respect to a standardized heating 
regime, such as the ISO 834 standard time-
temperature fire curve. This fire resistance is 
determined through the observed behaviour of that 
element in a furnace test, or considering a 
calculation method calibrated by such tests. 
Although tests based on the ISO 834 heating curve 
provide a standardized way to compare the fire 
resistance of structural elements, these methods fail 
to encompass information about the structural 
behaviour until complete burnout [1]. Due to the 
thermal inertia of concrete, the highest 
temperatures at the core of a RC member are 
typically observed after the fire reaches its highest 
(peak) temperature [2]. Therefore, in the 
performance based design of structures exposed to 
fire, the use of natural (design) fire curves (e.g. the 
EN 1991-1-2 or DIN EN 1991-1-2 parametric fire 
curve) is more relevant, as these curves include a 
separate cooling phase which follows the heating 
phase, characterizing the fire up to full burnout of 
the compartment. At present, post-fire residual 
behaviour of RC structural members is still not well 
established [3], and the same applies to the 
structural behaviour in the cooling phase. However, 
considering the structural response of concrete 
elements after the heating phase is of major 
importance, as was illustrated by the delayed failure 
which occurred in the Gretzenbach collapse of an 
underground car park in Switzerland in 2004. The 
cast-in-place concrete flat slab structure collapsed 
in punching shear during the cooling phase after a 
fire of limited severity [4]. Moreover, a delayed 
failure can also be the result of significant load 
redistributions, which may occur due to the 
interaction between structural members under 
restrained thermal strains [1]. 
In order to quantify the behaviour of a structure 
after the heating phase of a fire, Gernay & Franssen 
[5] introduced an new metric to complement the 
existing fire resistance rating R (hereafter noted as 
tR,ISO) from the design codes. This metric 
characterizes explicitly the ability of a structure to 
survive burnout. In a follow-up study, Gernay [1] 
investigated the relationship between the structural 
fire resistance tR,ISO and the resistance until 
complete burnout for a set of 74 reinforced concrete 
columns. The research compared the results from 
both experimental and numerical experiments, and 
resulted in a simple linear equation which describes 
the relationship between the structural fire 
resistance tR,ISO and the burnout resistance.  
In this research, the concept of comparing the 
structural fire resistance tR,ISO and the burnout 
resistance is further explored, and applied to simply 
supported RC slabs exposed to fire from below. A 
simple calculation method is presented which 
allows a quick estimation of the bending moment 
resistance until complete burnout for simply 
supported one-way RC slabs which are exposed to 
a compartment fire according to the Eurocode 
parametric fire curve. 
 
2. RESISTANCE OF A SLAB EXPOSED 
TO STANDARDIZED PARAMETRIC FIRE 
 
2.1 COMPARISON OF STANDARDIZED 
AND PARAMETRIC FIRE RESISTANCE 
 
In a first step, the fire resistance tR,ISO of a simply 
supported RC slab is compared to the resistance 
until complete burnout (hereafter noted as tR,PF) for 
the same slab exposed to a Eurocode parametric fire 
which incorporates a cooling phase. For a given 
slab configuration, the influence on the bending 
moment resistance MRd,fi at midspan is compared 
for both fire scenarios. The time-temperature 
relationships for the ISO 834 fire curve [6] and the 
general equation for the Eurocode parametric fire 
curve [7] are given in equation (1) and (2) 
respectively. 
 
𝜃𝐺(𝑡) = 20 + 345 𝑙𝑜𝑔(8𝑡 ∙ 60 + 1) (1) 
 
𝜃𝐺(𝑡
∗) = 20 + 1325 (1 − 0.324𝑒−0.2𝑡
∗
 
(2) 
−0.204𝑒−1.7𝑡
∗
− 0.472𝑒−19𝑡
∗
) 
 
Herein, θG is the temperature of the gas in the 
compartment, while t and t* are the time in hours. 
Equation (1) describes a fixed time-temperature 
relationship, whereas in equation (2) the time t* is 
the result of time t which is scaled by a factor Γ, 
which depends on the thermal properties, the 
geometry and the openings in the compartment. 
When the parameter Г = 1, the heating phase of the 
Eurocode parametric fire approximates the standard 
ISO 834 curve, as shown in Figure 2.a. Unlike the 
ISO curve, the parametric fire curve incorporates a 
linear cooling phase, which depends on the duration 
of the heating phase and the characteristics of the 
compartment. Figure 1 depicts the Eurocode 
parametric curve for a square compartment with a 
100 m² floor area and a wall height of 3 m. The 
figure depicts fire curves for a number of different 
opening factors O. This opening factor is a metric 
used to quantify the relative area of vertical 
openings in the walls of a rectangular compartment.  
 
Figure 1. EN 1991-1-2 parametric fire curve for qf,d = 1000 
MJ/m² for different opening factors O, and ISO 834 standard 
fire curve. 
 
The time-temperature curve for the largest opening 
factor O = 0.2 m1/2 corresponds with a fuel 
controlled fire, while the other curves, with smaller 
opening factors, describe ventilation controlled 
fires. The European standard EN 1992-1-2 defines 
the fire resistance time of a component or structure, 
hereafter noted as tR,ISO, as the time of exposure to 
the ISO 834 standard fire for which the design value 
for the bending moment resistance MRd,fi,t is larger 
than the design value of the moment induced by the 
design loads MEd,fi,t. A similar definition is adopted 
to express the resistance until complete burnout in 
terms of the Duration of the Heating Phase (DHP). 
The parametric fire burnout resistance time tR,PF is 
then defined as the shortest duration of the heating 
phase of a parametric fire that leads to eventual 
failure (possibly in the cooling phase) of the 
structural member under a certain design load [1]. 
This concept is illustrated in Figure 2, which shows 
the evolution of the bending moment resistance 
MRd,fi,t over time of a RC slab exposed to a 150 
minute standard ISO fire, and a parametric fire with 
a 119 minutes DHP. After 150 minutes of exposure 
to the ISO fire curve, the design value of the 
resisting bending moment MRd,fi of the slab 
becomes smaller than the design moment due to the 
applied loads MEd,fi, and the slab is considered to 
fail in bending. The observed slab thus has a fire 
resistance time tR,ISO of 150 minutes. However, if 
the slab were to be designed to survive a complete 
burnout scenario under the same load MEd,fi, the 
maximum DHP which the slab can withstand is 119 
minutes, and thus tR,PF is 31 minutes smaller then 
tR,ISO. In this study, the bending moment capacity 
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MRd,fi,t of a RC slab during exposure to a fire is 
estimated using a simplified expression (3), based 
on Van Coile et al. [8]. Note that in this expression, 
the partial safety factors are omitted, since in a fire 
loading scenario, these factors are equal to unity.  
 
𝑀𝑅,𝑑,𝑓𝑖(𝑐) = 𝐴𝑠∙𝑘𝑓𝑠𝑦(𝜃)∙𝑓𝑠𝑦,20°𝐶 (ℎ − 𝑐 −
∅
2
) 
(3) 
−
(𝐴𝑠 ∙ 𝑘𝑓𝑠𝑦(𝜃) ∙ 𝑓𝑠𝑦,20°𝐶)
2
2 ∙ 𝑏 ∙ 𝑓𝑐,20°𝐶
 
 
Herein, the bottom reinforcement As of the slab 
consists of a single layer of rebars with a nominal 
diameter Ø and a concrete cover c. To take into 
account the tensile strength reduction of the steel 
rebars, a temperature dependent reduction factor 
kfsy(θ) is used, in accordance with table 3.2 in EN 
1992-1-2. Moreover, in the calculation of the 
bending moment resistance MR,d,fi, a number of 
assumptions were made. Firstly, in the bending 
resistance at elevated temperatures, the strength 
reduction of concrete compressive strength is 
considered negligible. This assumption is only 
valid when the concrete of the compression zone 
remains at a sufficiently low temperature (e.g. 
below 200°C). In agreement with EN 1992-1-2, the 
temperature θ of the rebars is assumed equal to that 
of the concrete at the rebar axis height. Furthermore, 
the influence of spalling on the structural fire 
resistance is not taken into account. 
Considering, (3), the most critical situation for the 
simply supported slab occurs when the temperature 
in the reinforcement bars reaches a maximum θmax. 
Afterwards, due to cooling, the tensile strength in 
the steel rebars is (partially) recovered, as show in 
Figure 2.b. The recovery indicated in Figure 2 
should be considered as indicative, as irreversible 
damage phenomena can be observed [9].  
 
2.2 SIMPLE CALCULATION TOOL 
 
In order to quickly obtain the parametric fire 
burnout resistance time of a slab, considering a 
standardized parametric fire with Г = 1, a simple 
calculation tool based on the maximum rebar 
temperature is developed. First, the temperature 
field over the cross section of the slab is calculated 
for varying DHP, using a validated 1D numerical 
temperature model, developed by Van Coile [10]. 
The slab is exposed to the heating regime at the 
bottom side of the slab and cooled by convection at 
the top of the slab, in accordance with EN 1992-1-2. 
In the calculations, it is assumed that the magnitude 
of the loading does not affect the temperature field 
in the slab. When the parameter Г is fixed, the DHP 
only depends on the design value of the fire load 
density qf,d of the compartment and the thermal 
inertia b, as shown in Figure 3.a. This figure depicts 
the ISO 834 fire curve as well as a number of 
Eurocode parametric fire curves for Г = 1 an 
thermal inertia b = 1450 J/m²s1/2K. 
 
 
Figure 2. a) Time-temperature curves of a ISO 834 
standardized heating regime, and of a parametric fire with 
Г = 1 and a DHP of 119 minutes; b) Bending moment 
resistance of a RC slab exposed to a 150 minute ISO fire and 
a parametric fire with a DHP of 119 minutes. 
 
Based on the temperature calculations for a 200 mm 
RC slab, the maximum rebar temperature θmax for a 
range of DHP values and rebar axis distances a can 
be obtained, as depicted by the red dots in the 3D 
graph in Figure 3.b. The data presented in this 
graph is only valid for ventilation controlled fires, 
which in this case corresponds to parametric fire 
curves with Г = 1 and DHP > 20 minutes. In the 
specific case of considering parametric fire curves 
with Г = 1, the metric ‘DHP’ cannot be used to 
express the intensity of a fuel controlled fire, as 
according to EN 1991-1-2 Annex A, the duration 
tmax of fuel controlled fire is always equal to a fixed 
duration tlim, defined in EN 1991-1-2 Annex E. All 
calculations below assume a case of medium fire 
growth rate, which corresponds with a value of tlim 
= 20 minutes and is applicable for dwellings, 
hospitals and offices. EN 1991-1-2 Annex E 
provides an overview of the fire growth rates for 
other occupancy types.  
The obtained θmax points in Figure 3.a can be 
approximated with a quadratic fitting plane, using a 
least square calculation method. The obtained 
approximation in equation (4) has a R2 of 0.9994. 
 
𝜃𝑚𝑎𝑥(𝐷𝐻𝑃, 𝑑) =  −0.0121 ∙ 𝐷𝐻𝑃
2 
(4) + 79461 ∗ 𝑑2 − 25.04 ∙ 𝐷𝐻𝑃 ∙ 𝑑 
+ 5.612 ∙ 𝐷𝐻𝑃 − 10898 ∙ 𝑑 + 454.28 
 
 
 
Figure 3. a) ISO 834 fire curve and parametric fire curves with 
Г = 1, b = 1450 J/m²s1/2K and varying fire load densities qf,d, 
b) Maximal rebar temperature θmax for a range of DHP and 
rebar axis distance a. 
 
In a next step, the minimum design value of the 
bending moment capacity for a parametric fire until 
complete burnout can be estimated directly from 
Eqs. (3) and (4) for Г = 1 when the rebar axis 
height d and the maximum allowable temperature 
θmax in the rebars are known. The expression above 
is valid for rebar axis distances a ranging from 0.03 
m to 0.05 m and for a DHP between 20 and 120 
minutes. For other slab heights h, ranging from 160 
mm tot 280 mm, similar θmax-surfaces were 
obtained. It is however observed that for a varying 
slab thickness h, the difference in the maximal rebar 
temperature θmax is very small, as shown in Table 1, 
which depicts the maximal rebar temperatures for a 
Eurocode parametric fire with Г = 1 and a DHP of 
120 minutes. From the results in this table it can be 
concluded that the influence of cooling by 
convection at the top of the slab on the rebar 
temperature θmax is negligible. The calculation 
results presented in Table 1 have been obtained for 
solid slabs with a moisture content of 3%.  
 
Table 1. Influence of slab thickness h on the 
maximal temperature θmax in the rebars, for DHP = 
120 min and Г = 1.  
 a = 35 mm a = 50 mm 
h  
[mm] 
θmax 
[°C] 
tθmax 
[min] 
θmax 
[°C] 
tθmax 
[min] 
160 566.52 168 468.56 197 
200 565.07 167 465.07 197 
240 564.93 167 464.53 198 
280 564.92 167 464.48 200 
 
In the calculations in the next paragraphs, the slab 
thickness h is set to 200 mm, but as illustrated 
above, the results from the temperature calculations 
can also be applied more generally to other slab 
thicknesses, as long as the temperature in the 
concrete compression zone stays sufficiently low. 
Using the obtained values for the maximum rebar 
temperature θmax and its corresponding tensile 
strength reduction kfsy(θ), the parametric fire burnout 
resistance time tR,PF can be calculated from (3), 
which can then be compared to the structural fire 
resistance time tR,ISO. In line with the results of 
Gernay [1] for RC columns, a clear linear 
relationship between the resistance time tISO and tPF 
is observed for RC slabs. This linear relationship 
depends on the rebar axis distances a, as shown in 
Figure 4.a. The results show that a larger rebar axis 
distance a corresponds with a larger difference 
between the structural resistance time tR,ISO and the 
resistance time until complete burnout tR,PF. For a 
RC slab with a rebar axis distance a of 40 mm, the 
time difference is already more then 25 minutes. 
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The results in Figure 4 were obtained from a 
200 mm concrete slab exposed from below to fires 
between 30 and 240 minutes. The modeled slab has 
a concrete compressive strength fck of 30 MPa, 
rebar yield strength fsy of 500 MPa and a 
reinforcement ratio (As / b·h) of 0.0393%.  
 
 
Figure 4: Linear relationship between the fire resistance time 
tR,ISO and the resistance until complete burnout tR,PF. 
 
3. RESISTANCE OF A SLAB EXPOSED 
TO A EUROCODE PARAMETRIC FIRE 
 
While the previously presented calculations are 
applicable to a wide range of parametric fires with 
varying duration of heating phase, they are only 
valid for fire scenarios with Г = 1, i.e. where the 
heating phase approaches the ISO 834 heating 
regime, as shown in Figure 2.a. Depending on the 
design fire load density qfd, the thermal inertia b of 
the compartment, and the opening factor O, the 
heating and cooling regimes can be notably 
different. Figure 5.a depicts the time-temperature 
curves for a 100 m² compartment with fixed 
opening factor O = 0.03 m1/2 and fire load density 
q = 800 MJ/m², with a varying thermal inertia b. It 
is observed that in compartments with a lower 
thermal inertia, the gas temperature increases 
significantly quicker, while also reaching higher 
maximum temperatures. The influence of the 
thermal inertia on the fire resistance is also 
reflected in Figure 5.b, which depicts the 
relationship between the structural resistance time 
tR,ISO and the resistance time until complete burnout 
tR,PF. The results in this figure were obtained for the 
200 mm concrete slab of Section 2, exposed to fire 
from below. 
 
 
Figure 5. a) Parametric fire curves for O = 0.03 m1/2, qfd = 800 
MJ/m² and varying thermal inertia b (in J/m²s1/2K), and ISO 
834 standard fire curve. b) fire resistance time tR,ISO and the 
resistance until burnout tR,PF for varying thermal inertia b 
 
In the following, the resistance until burnout tR,PF of 
RC slabs is calculated for a range of opening factors 
O and fire load densities q. In order to present the 
results for the calculations for a wide range of 
parametric fires in a more useful manner, so that 
they can be directly used in a design, the value of 
the maximal allowable fire load density qmax is 
visualized as a function of the utilization during fire 
loading ufi of the slab. Figure 6 depicts qmax for a 
200mm thick slab with rebar axis height a = 35 mm, 
spanning over a 100 m² square compartment with a 
height of 3 meter and a thermal inertia of 1450 
J/m²s1/2K. The curves in this graph include values 
of qfd,max over 5000 MJ/m², which at first sight 
might seem excessively high. These values can 
however be used in calculations where the 
Eurocode parametric fire curve is obtained through 
the use of equivalent compartments, as illustrated 
in Section 5 below. 
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Figure 6. Maximal fire load density qfd,max for resistance until 
complete burnout of a 200 mm RC slab over a 100 m² square 
compartment: as a function of the design load MEd,fi; 
and utilization during fire loading ufi 
 
4. FIRE CURVES FOR EQUIVALENT 
COMPARTMENTS 
 
The results from the previous sections were all 
calculated for a square reference compartment with 
a floor area of 100 m² and a height of 3 m. However, 
these results can also be used for a wide range of 
alternative compartments with other geometries. 
Van Coile [10] presented a set of equations which 
allow for the calculation of the natural fire in a 
square compartment, compared to a reference 
compartment. In general, only two variables need 
to be adjusted: the fire density load q and the 
opening factor O. To obtain the time temperature 
curve for any given rectangular compartment, with 
freely chosen dimensions and thermal properties, 
the parameters O and q of the reference 
compartment need to be adjusted according to the 
equations (5) and (6). In these equations, the 
subscripts ref and alt are used to indicate respectively 
the reference compartment and the alternative 
compartment. Through correct application of these 
equations, both compartments have equal values for 
the heating phase scale Г, the maximum gas 
temperature θG, as well as an identical cooling 
phase. Both compartments are thus equivalent. 
 
𝑂𝑟𝑒𝑓 = 𝑂𝑎𝑙𝑡 ∙
𝑏𝑟𝑒𝑓
𝑏𝑎𝑙𝑡
 (5) 
 
𝑞
𝑟𝑒𝑓
= 𝑞
𝑎𝑙𝑡
∙
𝐴𝑓,𝑎𝑙𝑡
𝐴𝑓,𝑟𝑒𝑓
∙
𝐴𝑡,𝑟𝑒𝑓
𝐴𝑡,𝑎𝑙𝑡
∙
𝑏𝑟𝑒𝑓
𝑏𝑎𝑙𝑡
 
(6) 
The above equations are valid for both ventilation 
controlled and fuel controlled fires. Note that when 
a given alternative compartment is characterized by 
a given fire type (fuel or ventilation controlled) the 
equivalent reference compartment will have the 
same fire type.  
 
5. APPLICATION EXAMPLE 
 
In order to demonstrate the applicability of the 
before mentioned equivalence equations and the 
obtained results for qmax, the design of a freely 
chosen example compartment is presented. The 
observed compartment has a floor are of 5 m by 8 m, 
and a height of 2.7 m. The compartment has two 
1 m by 1 m windows with a sill height of 1 m, and 
a 1 m by 2.2 m door opening. The geometrical and 
thermal properties for this compartment as well as 
the reference compartment are given in Table 2. 
Firstly, the equivalent opening factor Oref and fire 
load density qref are determined in order to obtain 
the equivalent fire scenario for a the 100 m² 
reference compartment from section 3. The 
calculated equivalent properties of the reference 
compartment are underlined in Table 2.  
 
Table 2. Equivalent compartment properties 
 Test 
compart. 
Reference 
compart. 
Floor area Af [m²] 40 100 
Total area At [m²] 150.2 320 
Thermal inertia b 
[J/m²s1/2K] 
840 1450 
Opening factor O [m1/2] 0.07 0.12 
Fire load dens. q [MJ/m²] 1200 1765 
Fire type [-] vent. controlled 
 
From the graph in Figure 6, for an opening factor 
Oref = 0.12 m
1/2, and a qref = 1765 MJ/m², it can be 
estimated that the maximal allowable design 
bending moment during fire loading MEd,fi should 
not exceed 26,8 kNm. For loading configurations 
below this value, it can be concluded that a 200 mm 
thick RC slab with a rebar axis distance a of 35 mm 
and reinforcement ratio of 0.0393% will be able to 
survive a fire scenario until complete burnout. This 
maximum allowable design load corresponds with 
an ambient design utilisation of 83.8% of the 
bending moment resistance MRd,20°C at room 
temperature.  
6. CONCLUSIONS 
 
The concept of structural resistance until complete 
burnout for simply supported reinforced concrete 
slabs was explored, based on numerical 
temperature calculations and a comparison of the 
bending moment resistance with the acting bending 
moment.  
First the specific case of the Eurocode parametric 
fire curve where the heating phase approximates the 
ISO 834 standard heating (parameter Г = 1) was 
investigated. This comparison clearly showcased 
the importance of considering a cooling phase when 
designing a concrete structure for a fire loading 
scenario. For the case of a 200 mm RC slab with a 
rebar axis height a of 40 mm, the maximal 
allowable duration of the heating phase tPF is at 
least 25 minutes shorter then the structural fire 
resistance time tISO as defined acoording to a 
standardized ISO 834 fire. From the numerical 
calculations, a strong linear relationship between 
the standard fire resistance and the resistance until 
burnout was observed. This result is in line with 
previous literature on the burnout resistance of 
reinforced concrete columns.  
Next, the resistance until burnout was investigated 
for a broader range of Eurocode parametric fires, in 
order to gain insight into the influence of the 
different parameters. It is observed that, for a given 
opening factor O and fire load density q, the 
thermal inertia b of a compartment, has a very 
strong influence on the time-temperature curve in 
the heating and cooling phase. In compartments 
with a low thermal inertia b, the resistance time 
until burnout tR,PF can be shorter than the ISO 
structural fire resistance time tR,ISO. For 
compartments with a higher thermal inertia, the 
opposite was observed. In order to make the 
obtained results usable for a quick design check, 
design curves for qmax were presented.  
Lastly, a set of equivalence formulas is presented, 
which allow for the calculation of the Eurocode 
parametric fire curve parameters O and q, with 
respect to a reference compartment. With the use of 
these equations, the maximal allowable fire load 
density qmax can be obtained for which the concrete 
slab maintains its structural stability during the full 
natural fire exposure (i.e. including burnout) for 
any given rectangular compartment.  
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